INTRODUCTION
The contribution of genes to the processes of cytodifferentiation have long been a preoccupation of developmental biologists. It is well known that genes ultimately control most of the final form and function of an organism, and play a vital role in the epigenetic drama of differentiation. The equal partitioning of the genome to the daughter cells (with a few important exceptions), regulative potentialities of embryonic tissues, and the recent demonstration that nuclei of fully differentiated cells have the ability to support normal embryogenesis, demand the postulate of differential activity of the genes as a central mechanism of embryogenesis (Gurdon, 1964) . This is hardly disputed, but what has been needed is a specific hypothesis of gene action that is sufficiently concrete to serve as a basis for experimental attack on the problems of development. This formulation has been provided to developmental biology in the form of the messenger RNA theory (Jacob and Monod, 1961) . . It is my purpose here to comment briefly on the importance of this hypothesis for some recent studies in developmental biology. I wish to delineate the criteria of messenger RNA, to comment on exploratory studies concerned with the types of RNA synthesized in embryos, and finally, to illustrate how the hypothesis has influenced our approach to the question of the mechanism of the onset of new protein synthesis in embryogenesis, as illustrated by synthesis of hemoglobin in the chick embryo.-
CONCEPT OF MESSENGER RNA
The messenger RNA hypothesis simply posits that the product of a gene is an RNA molecule which is a complementary copy of the DNA sequence of a gene. Experimental results concerning the production of phage in the absence of net RNA synthesis, the kinetics of bacterial enzyme induction, and the lack of correspondence of the base ratios of DNA and RNA of bacteria led to specific restrictions on the properties of this RNA gene product, which are listed in Table 1 . These predictions of the properties of messenger RNA generate the operations used to discuss and define it. The general application of these criteria to the phageinfected bacterial cell, the normal bacterial cell, and cells of higher organisms (especially the reticulocyte, rat liver, and HeLa cell) have brilliantly confirmed the insight of the original hypothesis and have been satisfied in many different types of cells, including embryonic cells. There do seem to be variations on the original theme, however, which .should be mentioned. First, a crucial test of messenger RNA, ability to direct synthesis of particular polypeptides, is usually only tested by the ability of an RNA preparation to stimulate the rate of undefined polypeptide synthesis in vitro. While there is no doubt that RNA, as in the case of synthetic polynucleotides (Nirenberg and Matthaei, 1961) or an RNA phage genome (Schwartz, et al., 1963) , can carry information to direct assembly of amino acids, success has been elusive for a natural messenger RNA. Second, the high rate of turnover of messenger RNA predicted by the hypothesis seems to be true for bacterial cells (Levinthai, et al., 1963) but is certainly not a distinguishing characteristic of animal cells. The halflife of messenger RNA in rat liver (Revel and Hiatt, 1964; Trakatellis, Axelrod, and Montjar, 1964) seems to be on the order of at least hours, and not minutes, and this is also true for the reticulocyte (Marks, Burka and Schlessinger, 1962) . Third, in many animal cells a large proportion of the ribosomes active in protein synthesis do not exist as free messenger RNA-ribosome complexes (the polysome), but are bound to lipoprotein membranes. Henshaw, Bojarski and Hiatt (1963) have shown this for the rat liver, as have Stafford, Safer and Iverson (1964) for the cleaving sea urchin embryo. An example from the sea urchin is shown in Figure 1 , an experiment carried out by Denis Larrivee and myself. Almost all of the nascent polypeptide is associated with very large structures, from which typical polysomes are released by desoxycholate. These structures are removed by the usual centrifugation to eliminate mitochondria and have usually been discarded. The importance of association of active ribosomes with lipoprotein membranes still remains to be elucidated, but it may play an important role in the processes of cy tod iff ere ntiation. Fourth, the anonymity of the ribosome cannot necessarily be taken for granted. Data recently compiled by Reich et al. (1963) show that the base ratios of the ribosomal RNA of different tissues of the same organism may vary slightly. Also, Aronson (1965) has recently shown that the ribosomal RNA of bacteria is not a homogeneous population of molecules. This possible heterogeneity of ribosomal RNA suggests that the ribosomes themselves may be heterogeneous, and a major task will be to relate the heterogeneity of ribosomal populations to their postulated anonymity with respect to the attachment of messenger RNA (cf. Dahlberg and Haselkorn, 1965 ) and participation in the assembly of amino acids into polypeptides. Certainly, the recent work on ribosomes from streptomycin-dependent and sensitive strains of bacteria shows that the ribosome potentially may participate in the specification of amino acids in protein synthesis (Davies, Gilbert, and Gorini, 1964) . The possibility that this is a normal mechanism used to some extent in some cells should not be ignored.
MESSENGER RNA IN EMBRYOS
Developing embryos, especially those of the frog and sea urchin, have been and are being subjected to many of the analyses used to detect messenger RNA. Some em- A 2% suspension of fertilized eggs in filtered sea water was allowed to develop at I6°C. At the 4-ceIl stage H'-uridine (22.4 C/mM) was added to obtain a final concentration of 2 /ic/ml. After 30 minutes the eggs were washed and resuspended in sea water containing 10" 5 M unlabeled uridine and development was allowed to continue for 90 minutes, by which time the eggs had leached the 16-cell stage. The eggs wete then exposed to 1.5 ^tc/ral of C"-leucine (27.5 mC/niM) for 3 minutes and rapidly chilled. The eggs were washed in ice cold sea water, ice cold homogenization medium (0.15 M sucrose, .03 M Tris, pH 7.8, 0.01 M MgCI 2 , 0.24 M NH.C1, and bryos, which are being examined by determination of base ratios, velocity of sedimentation of newly synthesized RNA, hybridizability of RNA to DNA, and investigation of polysomes, seem to display RNA synthesis which is not grossly different from that found in other animal cells. Among these are the chick embryo (Lerner, Bell, and Darnell, 1963) and older stages 25 30 20 Number 0.1% bentonite) and homogenized with one stroke in a tight-fitting Dounce homogenizer. The homogenate was centrifuged at 600 X g for 10 minutes, and the supernatant was analyzed by sucrosedensity-gradient centrifugation through a 15-30% sucrose gradient containing 3 ml of 60% sucrose as a cushion in the bottom of the centrifuge tube. The gradient contained the same salts and buffers as the homogenization medium. Ccntrifugation was carried out for 2 hours at 24,000 RPiVf with a SW25 rotor. The distribution of optical density and acidinsoluble radioactivity was determined by conventional techniques (Wilt, 1965) . The monosomes sediment with a peak in fraction 28, and the "microsome" fraction accumulates at the 30-60% sucrose interface in tube 2.
of Xenopus (Brown and Littna, 1964) , Rana (Kohne, 1965; Denis, 1964) , loach (Ajkhoshima, Belitsina, and Spirin, 1964) and sea urchin embryos (Nemer, 1963; Wilt, 1964) . Some remarkable phenomena occur, however, during early stages of embryogenesis. First, in the cleaving sea urchin (Comb, 1965; Nemer, 1963) , loach (Ajkhoshima, Belitsina and Spirin, 1964) , and amphibian egg (Brown and Littna, 1964) synthesis of ribosomal RNA does not occur until the time of gastrulation. All the early events of fertilization, cleavage, and blastulation take place without ribosomal synthesis. Furthermore, in mutants of Xenopus possessing no nucleoli, gastrulation and organogenesis take place almost normally in the complete absence of synthesis of ribosomal RNA (Brown and Gurdon, 1964) . It seems clear that specific new populations of ribosomes do not need to be synthesized in Xenopus in order to carry out cytodifferentiation.
Second, the period when ribosomal RNA synthesis is absent in amphibians and sea urchins is a period of apparent low levels of heterodisperse RNA synthesis. This RNA has base ratios approaching that of the DNA and hybridizes to DNA to the usual (Denis, 1964) or greater extent (Nemer, personal communication) than pulse-labeled RNA of adult animals. The RNA associated with the "polysome" region and the heavy particles at the bottom of the centrifuge tube shown in Figure 1 has similar properties. Although the RNA synthesized during amphibian and sea urchin cleavage is difficult to detect (and may not occur prior to the four-cell stage in sea urchins; Glisin and Glisin, 1964) this does not necessarily mean it is a low level of synthesis. Determination of pool sizes and realization of the small number of nuclei per organism at these early stages may serve to revise the absolute level of synthesis upwards. What is most perplexing is the apparent dispensibility of the rnessenger-like RNA synthesized during cleavage. It is claimed that inhibition or derangement of RNA metabolism during cleavage has little or no effect until gastrulation (Gross, 1964: Brachet and Denis, 1963) . Paradoxically, we are faced with an RNA in search of a function. Perhaps one should not dismiss the possibility that the synthesis of the heterodisperse RNA represents some early important events in the cytodifferentiative sequence. Just because the morphogenetic effects of drugs affecting RNA metabolism are not obvious until gastrulation does not mean that the "cleavage" RNA has no function. Events occuring during cleavage in sea urchin eggs may be of real importance in the commitment of cell groups to their eventual fates. The interaction between blastomeres in early cleavage is well known from the work of Horstadius (1950) . Gontcharoff and Mazia (1965) have recently shown that pulse exposures of cleaving.sea urchin embryos to BUdR lead to specific developmental abnormalities. The BUdR is incorporated into the DNA and produces abnormal chromosomes. If one treats eggs with BUdR for restricted times during cleavage, critically sensitive periods for various morphogenetic events can be demonstrated. For example, treatment between the 8-and 16-cell stages specifically interferes with the initiation of synthesis of echinochrome. It is possible that integrity of DNA is necessary for certain transcriptions to occur early in the differentiative sequence leading to the synthesis of echinochrome. In the case of the developing frog, it is known that an embryo with only one haploid set of chromosomes per cell will undergo most of embryogenesis. Yet if a hybrid is produced using Rana catesbeiana sperm and Rana pipiens eggs the embryo fails to gastrulate. Clearly, the chromosomes of the Rana catesbeiana sperm are exerting a powerful effect on development prior to gastrulation. Let me note that the molecular basis of this effect is not known, but Kohne (1965) has recently shown that these lethal hybrids do synthesize some heterodisperse RNA. I would like to underline the possibility that the RNA synthesized during cleavage in echinoderms, and perhaps also in the frog, is messenger RNA; and it may represent the first gene products being made through which cells contract their early tenuous commitments along the course of cytodifferentiation.
Third, some examples support the notion that messenger RNA may be present in an inactive form, i.e., "stored" or "preformed" messenger RNA, for a time prior to its utilization for a specific protein synthesis. Bell (1965) tive form, and do not participate in protein synthesis. After the thirteenth day of incubation, this same size-class of polysomes does incorporate amino acids and is RNAse sensitive. The unfertilized sea urchin egg may also possess a store of preformed messenger for protein synthesis, which is activated at fertilization without concomitant RNA synthesis (Gross, 1964) . Even later in sea urchin development, as shown in Figure 1 , some material like messenger RNA is accumulated in structures, presumably polysomes, which are relatively inactive in protein synthesis. It may well be that control mechanisms regulating the utilization of messenger RNA will play as important a role in differentiation as the control of the synthesis of messenger RNA itself.
SYNTHESIS OF HEMOGLOBIN IN THE CHICK EMBRYO
We are led to this conclusion for the control mechanisms operating in the terand puromycin (10~4 M) are indicated by the bars extending across the developmental time axis. Details of the experimental piocedures may be found in Wilt (1965) .
minal steps of the initiation of synthesis of hemoglobin. It has been shown previously that the chick embryo begins synthesis of detectable hemoglobin at the 7-somite stage, about 34 hours of incubation at 38° (O'Brien, 1961; Wilt, 1962) . Away to dissect the relationships between the control of messenger production, messenger utilization, and the onset of hemoglobin synthesis is to derange and inhibit the synthesis of RNA and examine the dependence of the initiation of synthesis of hemoglobin on the synthesis of the RNA.
Blastoderms of the head-fold stage are explanted to nutrient media containing drugs or antimetabohtes which derange the metabolism of nucleic acid. The results are presented graphically and summarized in Figure 2 . Each agent at the levels employed allows some synthesis of hemoglobin to proceed in its presence after the explant has attained the head-fold stage, except for 8-azaguanine, which allows little or no synthesis of hemoglobin until the 7-somite stage (although some globin syn- FIG. 3 . The action of 5-BUdR on synthesis of hemoglobin. Late head-process blastoderms were cultured on whole egg media containing 100 ^g/ml of BUdR (a) or 100 ^g BUdR/ml plus 200 M g/ml o£ thymidine (b) for 20 hours by previouslythesis, as detected immunologically, does proceed). The process is sensitive to puromycin at all stages, and the blastoderms are sensitive to BUdR, 5-fiuorouracil (5-FU), and actinomycin at the definitive primitive streak and earlier stages. Recent evidence shows that actinomycin almost completely inhibits synthesis of high molecular weight RNA within one to two hours after application (Wilt, 1965) . Its action is irreversible after 30 minutes of exposure; yet, even though cells are dying in the presence of toxic levels of the drug, the initiation of hemoglobin synthesis proceeds, and proceeds at 30 to 50 per cent of normal levels for a few hours. Five-FU also depresses synthesis of RNA and is incorporated at low levels into all classes of RNA, both at sensitive and insensitive stages. However, the effect of 5-FU is not reversed by uridine, but is reversed by thymidine, suggesting that it acts by being incorporated into DNA. No effect of the incorporation of H 3 -guanosine into RNA is produced by BUdR, but C 14 -bromodeoxyuridine is incorporated into the DNA to about the same extent before and after the transition to insensitivity. The action of BUdR is somewhat reversed by a two-fold excess of thymidine, but not by uridine. The appeardescribed techniques (Wilt, 1965) . The blastoderms were stained for hemoglobin by the method of O'Brien (1961) . The intense stain around the edge o£ the blastoderm in (b) is hemoglobin. X 30, Emb., embryonic axis. B.I., blood island.
ance of embryos grown on BUdR plus thymidine is shown in Figure 3 . Eightazaguanine has been shown both to depress RNA synthesis and to be incorporated into the S-RNA fraction, even in the presence of actinomycin (Wilt, 1965) . This has led to the suggestion that 8-azaguanine acts by producing an S-RNA which functions poorly in protein synthesis. The incorporation of C 14 -8-azaguanine into RNA is less extensive after embryos reach the 7-somite stage, and this may explain the development of some resistance to the analog. Presumably, this is a reflection of the development of a permeability barrier. The initiation of synthesis of hemoglobin seems to be rather independent of normal synthesis of RNA of high molecular weight, and the conclusion that messenger RNA is present many hours before its apparent use for polypeptide synthesis seems justified. The results with BUdR and 5-FU suggest that the complete integrity of the DNA is only necessary up to the head-process stage for hemoglobin to be produced, and the experiments of Anna Hell (1964) , using Xrays, are in agreement with this conclusion.
The types of questions asked in the experiments illustrated here are very much in debt to the idea of messenger RNA. FIG. 4 . The action of delta-amino-levulinic acid on synthesis of hemoglobin. Head-process blastoderms were explanted onto whole egg media containing 0.01 M glutamic acid (a) or 0.01 M amino-levulinic acid (b) by standard techniques (Wilt, 1965) . After
The experiments point out, as do other recent experiments on slime molds (Sussman and Sussman, 1965), the possibility that translational level controls may play an important part in some aspects of differentiation. In this particular instance our present hypothesis is that the final control mechanisms leading to the onset of synthesis of hemoglobin are somehow involved with heme metabolism. This is currently under test, and it is encouraging that the inclusion of delta-amino-levulinic acid (a heme precursor) in the medium for embryonic culture significantly stimulates the production of hemoglobin in young embryos. This has also recently been reported by Levere and Granick (1965) . Figure 4 shows a control, and its companion which was cultured on delta-amino-levulinic acid, and the striking stimulation of synthesis of hemoglobin is apparent. Furthermore the production of hemoglobin is apparent as early as the 2-3 somite stage in embryos treated with delta-amino-levulinic acid, as determined by cytochemical staining and colorimetnc determinations of hemoglobin (Hell, 1964) . This represents a precocious initiation of detectable synthesis of hemoglobin by several hours. We are hopeful that this may lead eventually to some in-20 hours in culture the blastoderms were stained for hemoglobin by O'Brien's (1961) techniques. The considerable stimulation of hemoglobin formation in (b) is readily apparent. X 24. Emb., embryonic axis. B.I., blood island.
sight on the molecular basis of the regulation of the initiation of hemoglobin synthesis.
